Understanding the abiotic and biotic factors that determine the limits to species' range is an 19 essential goal in ecology, biogeography, evolutionary biology, and conservation biology. 20 Moreover, predictions of shifts in species' distributions under future changes in climate can be 21 improved through understanding the spatial variation in survival, growth, and reproduction. A 22 long-standing hypothesis postulates that, for Northern Hemisphere species, abiotic factors like 23 temperature limit northern and/or higher elevation extents, while biotic factors like competition 24 limit the southern and/or lower elevation range edges; though amphibians may not follow this 25 general trend. Therefore, we combined environmental suitability models and a reciprocal 26 transplant experiment across an elevational gradient to explore the role of the abiotic 27 environment on the range limits of a montane salamander (Plethodon montanus). We first 28 determined suitability of the abiotic environment for P. montanus, under current (1960 -2000) 29 and future (2050) climate scenarios. Second, we collected juveniles from each of three elevations 30 and transplanted them within mesocosms such that each origin population was represented 31 within each transplant location and vice-versa. We found that environmental suitability in 2050 32 decreased throughout the range compared to current predictions, especially at lower elevations.
Introduction 44 Fundamentally, a species persists when the numbers of individuals entering the 45 population (birth and immigration) are at least equal to those leaving (death and emigration) the 46 population (Gaston 2009). However, the numbers and fitness of individuals across a species' 47 range vary due to spatial and temporal variation in abiotic (e.g., temperature, precipitation) or resolution) geographic coordinates (latitude and longitude) using GBIF (http://www.gbif.org/) on 116 17 March 2016. We used the 11 bioclimatic variables that Rissler and Apodaca (2007) After establishing the mesocosms, we collected 36 juvenile salamanders that ranged from 151 30 -45 mm SVL from each origin population. This size class was chosen because it represented 152 the range of animals that could potentially reach reproductive maturity by the end of the 153 experiment (N.M.C. unpublished data). Because the sex of juvenile salamanders is currently 154 impossible to determine without dissection, we assumed a 1:1 sex ratio, which is consistent with 155 museum specimens (N.M.C. unpublished data). Animals were kept in a cooler, maintained 156 between 15 -20 o C, for approximately 36 hours before the start of the experiment. Immediately 157 before beginning the experiment, we measured the snout-to-vent length (tip of the snout to 158 posterior margin of the vent; SVL), tail length, and weighed each animal. All measurements 159 were taken while the animal was secured in a new plastic bag to ensure consistent measurements 160 and reduce probability of disease transmission from potentially contaminated equipment. We 161 randomly assigned animals to a transplant elevation (low, mid, and high) and replicate site within 162 transplant location (1 or 2). After adding a single salamander to each mesocosm, the mesocosm 163 was covered with window screen and secured by both zip ties and waterproof caulk to prevent 164 animal escape. Because we could not logistically collect all animals on a single day, the start date 
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All animals were measured, euthanized (20% liquid Benzocaine), and dissected to 170 determine sex and assess reproductive maturity. For males with pigmented testes, we assessed 171 reproductive maturity by removing both testes and photographing them using a Leica M165C 172 stereo microscope. All photos were taken on the same day, under identical lighting conditions, 173 and using the same field of view. We used Leica Application Suite version 4.1 (Wetzlar, 174 Germany) to determine the average area of both testes and ImageJ version 1.49 (Schneider et al. 175 2012) to determine mean pigmentation; we standardized testes area and pigmentation by the 176 SVL at the end of the experiment, and we took the inverse of the mean standardized brightness 177 of testes, such that darker testes would be scored as a higher number than lighter testes. Males 178 with unpigmented testes were scored as 0 for standardized area and the inverse of mean testis 179 brightness. Because testis area and inverse of pigmentation were correlated (0.65; t 22 =4.027; P < 180 0.001), we used testis pigmentation (scaled and centered) for further analyses. Although we 181 designed our experiment to assess reproductive maturity for both sexes, no females were found 182 with mature follicles; therefore, we did not assess female reproductive condition any further. of the interaction were present in the model. We were not able to fit the three-way interaction 202 model for survival; therefore, it was not included. We fit all models using maximum likelihood AICc points of the top model (i.e., those that with "substantial support"; Burnham and Anderson 207 2002), we determined an average of model parameters, and the significance of parameters was 208 determined as those with 95% confidence intervals that did not overlap zero; for brevity, we 209 show visualizations for only significant results. For linear models (i.e., responses of SVL/mass 210 change and male maturation), we graphically assessed models to ensure they met the We recovered 70 of the 108 salamanders at the end of the experiment (apparent survival 238 = 65%; 95% CI = 55 -73%). Apparent survival was lowest for individuals originating from 239 higher elevations (56%; 95% CI = 40 -71%) with increasing survival for animals from mid 240 (64%; 95% CI = 48 -78%) and low elevations (75%; 95% CI = 59 -86%); however, apparent 241 survival was highest for animals transplanted to higher and mid (72%; 95% CI = 56 -84%) 242 elevations compared to low elevation (50%; 95% CI = 34 -66%). Individuals at the start of the 243 experiment were generally smaller (mean SVL = 38.17 mm; 95% CI = 37.26 -39.08 mm; mean 244 Mass = 0.998 g; 95% CI = 0.933 -1.062 g) but had a higher BCI (0.07; 95% CI = 0.03 -0.11) 245 compared to the end of the experiment (mean SVL = 42.64; 95% CI = 41.87 -43.42 mm; mean 246 8 Mass = 1.059; 95% CI = 1.002 -1.115 g; mean BCI = -0.11; 95% CI =-0.13 --0.08).
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Additionally, at the start of the experiment, SVL and mass were similar among origin 248 populations and among origin populations and transplant locations. However, individuals 249 transplanted to the low elevation gained less SVL and had more negative change in mass 250 compared to those transplanted to mid and high elevations ( Supplemental Figs. 2, 3) . Regardless 251 of origin population and transplant elevation individuals exhibited a negative change in BCI 252 through the duration of the experiment (Supplemental Fig. 4) . Lastly, most of the males (23/24; 253 96%) showed some degree of pigmentation and increase in size of their testes; the only male that 254 did not show pigmented testes originated from, and was transplanted to, the low elevation site.
255
The most parsimonious predictors of survival were a set of five models containing the 256 parameters of starting BCI, transplant location, origin population and the interaction between 257 transplant locations and starting BCI (Table 1 ; Supplemental Table 1 ). The probability of 258 survival was greatest for animals that started with a higher BCI, which is not unexpected.
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Interestingly, those salamanders with higher BCI who originated from low elevations and those 260 that were transplanted to mid or high elevations had higher survival than other treatments ( Fig.   261 2). For SVL, our top models included parameters of transplant location and starting BCI (Table   262 1; Supplemental Table 2 ). Animals that started off with a lower BCI had more positive rates of 263 growth (SVL change), and this relationship was greatest for animals transplanted to mid 264 elevations but lower for animals transplanted to high and low elevations (Fig. 3a) . Though our 265 model selection for mass change included more parameters, results were similar to the change in 266 SVL (Table 1 ; Supplemental Table 3 ); animals that began the experiment with a lower BCI and 267 were transplanted to mid and high elevations had a more positive rate of mass change (Fig. 3b ).
268
Lastly, we found that starting BCI significantly predicted ( = 8.713; P < 0.001) maturation in 269 males (Supplemental Table 4 ); males that started the experiment with a more positive BCI had 270 darker testes ( Fig. 4) and was not dependent on the environment or origin population. Our current ENM models showed high and similar levels of suitability across our three 288 transplant sites; however, ENM suitability for P. montanus decreased for forecasted 2050 289 climate, especially at lower elevations (Fig 1; Supplemental Fig. 1) . Notably, mean predicted 290 ENM suitability for 2050 was lower than 99.6% (261/262) of the P. montanus occurrence sites 291 that we used to train and test our models. While our experiment was not conducted to explicitly 292 test the role of environmental suitability per se on salamander growth and survival, which would 293 require multiple transplant locations across many more sites across the environmental suitability 294 landscape, our results do support predictions that lower elevations will become more limiting for 
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For example, Reading (2007) found that decreasing BCI in common toads, caused by warming 308 climate, led to a decrease in survival and egg production. Our study shows that healthier 309 individuals (i.e., those with higher body conditions) are afforded a greater probability of survival; 310 however, for montane salamanders in low elevation habitats, this higher body condition may not 311 be enough. As climate is expected to become less favorable for montane salamanders, especially 312 at lower elevations, monitoring these low elevations populations is of increasing importance 313 because at least 55% of montane plethodontids (lower elevation limit is greater than or equal to 
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Interestingly, animals that started the experiment with a greater BCI had lower rates of 318 SVL changes and more negative changes in mass yet those same males had larger, darker testes 319 indicative of greater reproductive condition (Sayler 1966; Peacock and Nussbaum 1973) . This 320 suggests that males with a greater BCI may put more energy into reproduction rather than growth 321 during this life stage; this trend was strong for the males in our experiment (Supplemental Fig. 322 5). Tradeoffs between growth and reproduction in wild animals have been well-documented 323 (e.g., Reznick 1983 Reznick , 1985 ; for example, in P. cinereus, brooding females allocated less We found that where an individual originated was a significant predictor of survival; 329 individuals from lower elevations had higher survival than individuals from mid and high 330 populations (Fig. 2) irrespective of their transplant location. One of the limitations in our data 331 was our inability to control for relatedness, maternal effects, or genotype-environment 332 interactions (e.g., Via and Lande 1985; Sinervo 1990; Bernardo 1996; Bronikowski 2000) , all of 333 which could have added unknown sources of variation to our data. This was out of necessity as it 334 would not have been feasible to assess reproductive condition in a natural setting for salamanders 335 that take at least three years to mature (N.M.C. unpublished data). However, patterns of survival 336 in our transplant experiment may suggest interacting effects of local adaption and phenotypic 337 plasticity; individuals originating from low elevations were transplanted to elevations that 338 represent either locally adapted conditions (i.e., low elevation) or better conditions (i.e.,
339
transplanted to higher elevations than origin). On the other hand, individuals who originated 340 from mid and high elevations experienced locally adapted conditions or better conditions (when 341 transplanted from mid elevation to high elevation only), or worse conditions (i.e., when 342 transplanted to elevations lower than origin). This variation in survival may be explained, at least 343 in part, by temperature, which decreased with increasing elevation (PRISM, 2017) . Although low 344 and mid elevations show similar ENM suitability, the scale at which these variables were 345 measured (~1 km) may not have been fine enough to adequately characterize these habitats. For 346 example, Gifford and Kozak (2012) found that lower elevations, though they appeared to have 347 identical habitats to higher elevations, contained microclimates that constrained P. jordani, a 348 montane salamander. Future studies can refine hypotheses concerning local adaption and 349 phenotypic plasticity in salamanders by splitting clutches or otherwise controlling for genetic 350 factors; however, this technique is logistically challenging for many Plethodon species. influence of biotic factors. It should be noted, however, that climatic barriers at the lower 363 elevational limit are not universal for plethodontids and biotic variables may be more important.
364
For example, Desmognathus wrighti is precluded from suitable lower elevations via predation by 365 larger and more aquatic desmognathines (Organ 1961; Crespi et al. 2003) , while P. shendadoah 366 is outcompeted from non-talus slopes by P. cinereus (Jaeger 1970). Nonetheless we demonstrate 367 here, that for the montane endemic P. montanus, the abiotic environment, specifically hotter and 368 drier conditions ( Fig. 1; Supplemental Fig. 1) , likely limits its lower elevation distribution, 369 similar to P. jordani (Gifford and Kozak 2012) .
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Though we did not modify or augment prey availability, we believe that prey availability 371 was an unlikely source of variation in our results. First, all mesocosms had mesh screen and 372 holes drilled along the side and bottom that were large enough to allow for smaller arthropods to 0.00001 -0.00022 0.00023
Rate of Mass Change
Intercept 0.00060 -0.00028 0.000147 -BCI -0.00662 -0.00942 -0.00382 1.00 (2) Origin (Mid) -0.00059 -0.00130 0.00012 1.00 (2) Origin (High) -0.00042 -0.00121 0.00037 Transplant (Mid) 0.00144 0.00058 0.00230 1.00 (2) Transplant (High) 0.00051 -0.00030 0.00132 BCI:Origin (Mid) 0.00274 -0.00084 0.00632 0.62 (1) 
